Purpose: The main objective of this study is to propose an alternative parameterization for the empirical relation between mean excitation energies (I-value) and effective atomic numbers (Z eff ) of human tissues, and to present a simplified formulation (which we called DEEDZ-SPR) for deriving the stopping power ratio (SPR) from dual-energy (DE) CT data via electron density (q e ) and Z eff calibration. Methods: We performed a numerical analysis of this DEEDZ-SPR method for the human-bodyequivalent tissues of ICRU Report 46, as objects of interest with unknown SPR and q e . The attenuation coefficients of these materials were calculated using the XCOM photon cross-sections database. We also applied the DEEDZ-SPR conversion to experimental DECT data available in the literature, which was measured for the tissue-characterization phantom using a dual-source CT scanner at 80 kV and 140 kV/Sn. Results: It was found that the DEEDZ-SPR conversion enables the calculation of SPR simply by means of the weighted subtraction of an electron-density image and a low-or high-kV CT image. The simulated SPRs were in excellent agreement with the reference values over the SPR range from 0.258 (lung) to 3.638 (bone mineral-hydroxyapatite). The relative deviations from the reference SPR were within AE0.6% for all ICRU-46 human tissues, except for the thyroid that presented a À1.1% deviation. The overall root-mean-square error was 0.21%. Application to experimental DECT data confirmed this agreement within the experimental accuracy, which demonstrates the practical feasibility of the method. Conclusions: The DEEDZ-SPR conversion method could facilitate the construction of SPR images as accurately as a recent DECT-based calibration procedure of SPR parameterization based directly on the CT numbers in a DECT data set.
INTRODUCTION
Radiotherapy with protons or heavier ions can provide superior dose distribution to photons, allowing precise delivery of the highest dose at the tumor and avoidance of healthy tissues. To fully employ the merits of proton beams, we need to predict the distribution of proton stopping power ratio (SPR) of a medium relative to water in the human body as accurately as possible. In vivo SPR estimation for proton therapy treatment planning is usually based on single-energy x-ray computed tomography (CT) scans. However, this method is limited because no direct relation exists between photon attenuation coefficients (ie, CT numbers) and proton SPRs of materials. According to the theoretical basis of the Bethe-Bloch equation, the proton SPR can be approximated as the following expression: 
Here, q e is the electron density of the material relative to that of water, m e is the rest electron mass, c is the speed of light in vacuum, b is the speed of the projectile proton relative to that of light, and I and I w are the mean excitation energies of the material and water, respectively. To predict the SPR of a medium for a specific proton energy, the I-values and q e of the medium must be known. Dualenergy CT (DECT), which provides q e and Z eff data in the human body, makes it possible to improve the SPR calculation accuracy. This is because the I-values are known to be empirically correlated with Z eff . So far, several procedures for calculating SPR from DECT data have been proposed. [2] [3] [4] [5] [6] Yang et al. originally demonstrated that the logarithm of I-value, lnI, can be parameterized as two sectional linear functions of Z eff for the standard human tissues. 2 Han et al. proposed a DECT method where I-value was estimated directly from the CT numbers, avoiding the estimation of Z eff . 5 Taasti et al. proposed an empirical parameterization for SPR based directly on the CT numbers in a DECT data set, whereby the intermediate steps of estimating q e and I-value are not required. 6 Although all these approaches differ widely in their computational complexity, they can achieve similar absolute errors in the estimation of SPR of less than 1%. Both simplicity and accuracy should be mandatory for a standard SPR calculation procedure that has to be routinely employed in radiotherapy treatment planning.
Very recently, we proposed a new, simpler conversion method (which we called DEEDZ) to obtain Z eff images from DECT data, via q e calibration. 7 By performing numerical analysis, we showed that the DEEDZ conversion yielded Z eff values that were in excellent agreement with the reference values. The main objective of this study is to propose an alternative empirical parameterization for the correlation between I-value and Z eff , and to present a simplified formulation for deriving SPR from DECT data via the DEEDZ conversion (hereafter, we refer to this method as "DEEDZ-SPR"). We demonstrate a numerical analysis of the DEEDZ-SPR procedure for human-body-equivalent tissues with known elemental compositions and mass densities, using an available photon cross-sections database. The practical feasibility of the conversion method was validated by application to previously published experimental DECT data.
MATERIALS AND METHODS

2.A. Derivation of SPR from DECT data via q e and Z eff calibration (DEEDZ-SPR)
The authors had previously proposed the DEEDZ formulation for deriving q e and Z eff from DECT data by
and
respectively. 7, 8 Here, HU k is the CT number in Hounsfield units for high-kV (k = H) and low-kV (k = L) scans, which is related to the so-called "reduced CT number", u k = HU k / 1000 + 1. a is the weighting factor for subtraction and c L is the proportionality constant for the low-energy u L data. These two can be regarded as material-independent but scanner-and protocol-specific fit parameters. The slope a and intercept b in Eq. (2) should be introduced as the integrated corrections in the CT calibration and reconstruction algorithm of the scanner. In a previous study, the optimal value of the exponent m in Eq. (3) was found to be 3.3 for the diagnostic photon-energy range. 8 This choice of m value is recommended in a previous DECT work by Yang et al. 2 On the other hand, the Z m eff and lnI values of the materials are often estimated from their known elemental compositions in an analogous manner of additivity rule as
and lnI ¼ R
respectively. Here, x i , Z i , A i , and I i are the weight fraction, atomic number, atomic mass, and mean excitation energy of the ith element, respectively. Equation (4) is known as Mayneord's equation, 9 and Eq. (5) is Bragg's additivity law. 10 Now, we assume an empirical relation between lnI/I w and (Z eff /Z eff,w ) m À1 in the following linear form:
where c 1 and c 0 are constants that are the slope and intercept of this linear equation, respectively. If this linear relation is practically acceptable, a calculated SPR, SPR cal , can be expressed from Eqs. (1) and (6) as
5 :
This can be rewritten using Eq. (3) by
Provided a and b in Eq. (2) 
2.B. Numerical analysis
We examined the theoretical validity of the DEEDZ-SPR conversion by performing a numerical analysis for materials with exactly known elemental compositions and mass densities. In this work, human-body-equivalent tissues were employed as objects in a patient with unknown SPR that requires calibration. The compositions and densities of 105 kinds of human-body-equivalent tissues across an age range spanning from fetus to adult are compiled in International Commission on Radiation Units and Measurements (ICRU) Report 46. 11 In this work, we excluded five extreme or artificially extracted materials from the listed materials: three kinds of urinary stones, carbohydrate, and protein. Hereafter, the human-body-equivalent tissues tested are referred to as "ICRU-46 human tissues." The CT numbers of all the materials considered in the numerical analysis were calculated from their mass attenuation coefficients, which were derived using the XCOM photon cross sections database provided by the National Institute of Standards and Technology (NIST). 12 To apply the DEEDZ-SPR conversion to the ICRU-46 human tissues, we employed the listed values in Table I of scanner-specific parameters of a, b, a, and c L , along with the effective energies E k (k = L, H) of the DECT scanner. These values were determined in our previous study 7 by using 13 kinds of virtual tissue surrogates that were intended to simulate a commercial tissue-characterization phantom (Gammex RMI 467, Gammex, Middleton, WI, USA). Hereafter, they are referred to as "Gammex-467-like tissue surrogates". The E k values were chosen so that the calculated CT numbers of the virtual Gammex-467-like tissue surrogates closely matched the experimental data for the actual Gammex 467 phantom measured by Landry et al. 13 They performed DECT measurements by using a second generation dual-source CT (DSCT) scanner (Somatom Definition Flash, Siemens Healthcare, Forchheim, Germany) operated at 80 kV and 140 kV/Sn. This method for finding a single effective energy for the continuum spectrum of a CT scanner was proposed by Han et al. 5 (the basis of the method was originally presented by Rutherford et al. 14 ) . Figures 2(a) and 2(b) show the simulated plots of q e versus (1 + a)HU H À aHU L and of (Z eff /Z eff,w ) m À 1 versus u L /q e À 1, respectively, for the ICRU-46 human tissues along with the Gammex-467-like tissue surrogates. It was found that the data points of all the ICRU-46 human tissues are almost perfectly close to the fitted lines that were independently determined by using the 13 Gammex-467-like tissue surrogates. Therefore, the scanner-specific parameters appear to be almost material independent. Table I also gives the corresponding scanner-specific parameters that were experimentally determined in our previous study 7 using the aforementioned DECT data of Landry et al. The experimental scanner-specific parameters appear to be almost identical to the simulated case; this agreement illustrates the validity of using the effective energies of the DSCT scanner. It should be kept in mind, however, that the effective energies must vary with the object size variation due to beam-hardening effect that was ignored in this work for simplicity.
2.C. Reference Z eff , I-value, and SPR
The reference Z eff and I values of the materials were calculated from their known elemental compositions by using Eqs. (4) and (5), respectively. The I i -values of all elements were taken from ICRU Report 49, 15 leading to Z eff,w = 7.477 and I w = 75.3 eV for water. Even the determination of the Ivalue of liquid water is not a trivial task and a wide range of values has been suggested in the literature. There is still approximately a 10 eV spread in the results and a generally accepted I-value for water has not yet been established. 
RESULTS AND DISCUSSION
3.A. Parameterization of the I-values by Z eff
First, we performed a numerical DECT analysis using the XCOM database for the ICRU-46 human tissues in order to determine the constants c 0 and c 1 in Eq. (6) . Figure 3(a) shows the relationship between lnI/I w and (Z eff /Z eff,w ) m À 1 calculated using Eqs. (4) and (5) for ICRU-46 human tissues. Corresponding plots for the Gammex-467-like tissue surrogates are also shown as additional information in this graph. The data points are divided into two distinct regions: one consists of soft tissues and the other consists of bone tissues. A magnified portion of the boundary of the two distinct regions is shown in Fig. 3(b) . The threshold value of (Z eff /Z eff,w ) m À 1 at the boundary was chosen to be 0.7: this corresponds to approximately Z eff = 8. À3 , respectively; these values were much smaller than unity as expected. The parameters g L and d 0 of soft-tissue and bone-tissue regions determined in Section 3.A were applied to the ICRU-46 human tissues as objects with unknown SPR. In Fig. 4(a) Fig. 4(b) . We observed excellent agreement between the calculated and reference values over the SPR range from 0.258 (lung tissue) to 2.638 (bone mineral-hydroxyapatite). The relative deviations were within AE0.6% for all the materials tested except for the thyroid tissue (À1.1%), and the overall root-mean-square error (RMSE) was 0.21%.
We compared the performance of the DEEDZ-SPR conversion with another DECT-based calibration method that was recently presented by Taasti et al. 6 As mentioned in Section 1, They proposed a parameterization for SPR based directly on the CT numbers in a DECT image set, whereby the intermediate steps of estimating q e and I-value are avoided. Their empirical equations for calculating SPR in two distinct regions, soft-tissue or bone-tissue regions, from DECT data [Eqs. (2a) and (2b) in Ref. [6] are:
Here, x j 's (j = 1 to 4) for each region are fit parameters with no physical interpretation. Comparing Eqs. (9) and (10) with Eq. (8) or Eq. (A10), the DEEDZ-SPR conversion appears rather simple because it requires neither the higher order terms of u k (k = L, H) nor the ratio term of u L /u H that is not robust toward CT noise. The histogram of the resulting SPR cal /SPR ref À 1 calculated using Eqs. (9) and (10) is shown in Fig. 5 . For comparison purposes, the results of the DEEDZ-SPR case, which has been already given in Fig. 4(b) , are overlaid in this graph. In this work, we determined the x j values so as to obtain the smallest RMSE value for all the ICRU-46 human tissues. The resultant x j values are listed in Table III . Following the original work of Taasti et al. using the similar scan condition with the present study (ie, 80 kV-140 kV/Sn for the DSCT), we chose the separation point between the two tissue groups at HU L = 240 HU. 6 The overall RMSE was 0.20%; this seems a comparable level to the result of the DEEDZ-SPR (RMSE = 0.21%). Thus, the simplified formulation provided by the DEEDZ-SPR conversion would make it possible to construct the SPR image from DECT images with the same degree of accuracy as the previous DECT-based parameterization for SPR calculation. ICRU-46 human tissues. The variation in I/I w was simple: either increase or decrease the original value by +5% and À5%, respectively. Figure 6 (a) shows the plots of (Z eff /Z eff,w ) m À 1 versus lnI/I w for the ICRU-46 human tissues with AE5% variations in I/I w . The calibration lines determined for soft-tissue and bone-tissue regions, which have already been shown in Fig. 3 , are also given. Figure 6(b) shows the histograms of the resulting SPR cal /SPR ref -1 for the AE5% variations, along with the original I/I w . Although the AE5% changes in I/I w values cause approximately AE0.6% biases on average for the SPR calculation, the entire histogram remains almost within AE1% deviation.
3.D. Application to experimental DECT data taken from the literature
In order to assess the practical feasibility of the present approach, the DEEDZ-SPR conversion was applied to the aforementioned DECT data measured by Landry et al. 11 The experimental scanner-specific parameters listed in Table I were applied to the Gammex 467 itself (ie, the perfectly matched object with the calibration phantom). Figure 7( Fig. 7(b) . Here, the reference SPR ref values of the inserts were calculated theoretically from their known elemental compositions and I values by applying Eqs. (1) and (5) in a similar manner to the numerical analysis for the Gammex-467-like tissue surrogates. Table IV presents the numerical data of SPR cal s and the relative deviations, along with q e s and the original data of HU k (mean value AE standard deviation) measured by Landry et al. We found good agreement between the SPR cal s and SPR ref s for all the materials in the phantom within experimental uncertainties, as the maximum difference was À1.7% for Solid Water. The overall RMSE of the relative deviations was less than 1% (0.96%), but this value seems inferior to the simulated case for the ICRU-46 human tissues (RMSE = 0.21%), Nevertheless, the inferior RMSE appears to be acceptable by considering the insufficient equivalence between the tissue surrogates of the Gammex 467 phantom and the ICRU-46 human tissues for the purpose of SPR calculation. Accordingly, as shown in Fig. 3 , the data points of lnI/I w versus (Z eff /Z eff,w ) m À 1 of the Gammex-467 tissue surrogates obviously deviate from the calibration lines for the ICRU-46 human tissues, for example, reference I = 104.6 eV for the SB3 insert against calibrated value of I = 111.4 eV; this 6.5% deviation from TABLE III. Determined fit parameters x j (j = 1 to 4) for the soft-and bonetissue groups in Eqs. (9) and (10) for the SPR parameterization method proposed by Taasti et al. 6 These x j values were determined in this work so as to obtain the smallest RMSE for all the ICRU-46 human tissues.
Soft tissues
Bone tissues 6 and the proposed DEEDZ-SPR, which has already been given in Fig. 4(b) . [Color figure can be viewed at wileyonlinelibrary.com] the reference I-value causes an approximately À0.7% underestimation in the SPR cal calculation.
It should also be noted that the DEEDZ-SPR conversion with excellent SPR cal -SPR ref agreement can be achieved at the cost of increased image noise due to the subtraction process of Eq. (8), particularly in the soft-tissue region where the SPR values are close to the corresponding values of q e . As exemplified by the case of AP6 insert given in Table IV , the estimated standard deviation of SPR (0.021) becomes approximately 1.6 times greater than that of q e (0.013) in order to correct only 1.5% relative difference between SPR (0.942) and q e (0.928). To avoid such image degradation due to increased image noise (in other words, a low contrast-tonoise ratio [CNR]), we may need to implement a noise reduction technique. Nevertheless, the determination of the SPR distribution in the human body is of primary importance for tissue inhomogeneity correction in RTP, in which the high CNR requirements may be relaxed in contrast to the case for the RTP process of organ delineation. For the purpose of organ delineation, we can synthesize, for example, a "mixed CT image" with the optimal CNR, using the same DECT data and without any additional scans. 17 
CONCLUSION
The present numerical analysis of the DEEDZ-SPR conversion using the XCOM photon cross-sections database revealed that the plot of the simulated lnI/I w versus (Z eff /Z eff,w ) m À 1 exhibited an acceptable linear relation in the soft-tissue and bone-tissue regions. The calculated SPRs were in excellent agreement with the reference values for almost all the ICRU-46 human tissues, over the SPR range from 0.258 (lung tissue) to 2.638 (bone mineral-hydroxyapatite). The application of the DEEDZ-SPR conversion to experimental DECT data available in the literature confirmed this agreement within the experimental accuracy, which demonstrates the potential feasibility of the method. Thus, the DEEDZ-SPR conversion method, which is based on a simple processing of the weighted subtraction of an electron density image and a low-(or high-kV) CT image, could facilitate the construction of an object's SPR image from acquired DECT data.
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APPENDIX CALCULATION OF SPR USING DECT DATA
The relative electron density q e in Eq. (2) with a = b = 1 can be expressed using the reduced CT numbers as
Then, SPR cal in Eq. (8) and the corresponding uncertainty, r SPR , are given for the low-energy u L with g L by
respectively, and for the high-energy u H with g H by 
respectively, where r k (k = H, L) is the standard deviation of the measured u k . On the other hand, the reduced CT number u k (k = L, H) can be approximately expressed as the sum of two components for the Compton scattering and photoelectric absorption for all human-body materials:
where P k (E) and Q k (E) are Compton-scattering-related and photoelectric-absorption-related functions, respectively, which depend only on the photon energy E k . The proportionality constant c k in Eq. (3) was defined by c k 1/Q(E k ). 7 By considering the special case of water, that is, u k = q e = 1 and Z eff = Z eff,w , this equation yields the constraint
By substituting Eq. (A6) coupled with Eq. (A7) into Eq. (A1), the following proportional expression for c k and a can be derived:
This relation must also hold for g k [ c 1 c k /B w (b)] and a as
Thus, we realize that Eqs. (A2) and (A3) for low-energy g L are identical to Eqs. (A4) and (A5) for high-energy g H . Accordingly, both Eqs. (A2) and (A4) can be rewritten as
and Eqs. (A3) and (A5) are
Here, a new parameter ξ is introduced:
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